Abstract: Iridium-catalyzed asymmetric ring-opening of oxabenzonorbornadienes with N-substituted piperazines was described. The reaction afforded the corresponding ring-opening products in high yields and moderate enantioselectivities in the presence of 2.5 mol % [Ir(COD)Cl] 2 and 5.0 mol % (S)-p-Tol-BINAP. The effects of various chiral bidentate ligands, catalyst loading, solvent, and temperature on the yield and enantioselectivity were also investigated. A plausible mechanism was proposed to account for the formation of the corresponding trans-ring opened products based on the X-ray structure of product 2i.
Introduction
The use of oxabicyclic templates to introduce trans-1,2-bifunctional groups to the carbocyclic molecule skeleton is an effective strategy for the synthesis of complex molecules. Pioneering work in this field was first described by Lautens and co-workers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] who reported rhodium-catalyzed asymmetric ring-opening (ARO) of oxabicyclic alkenes to produce the corresponding products in high yields and excellent enantioselectivities (up to 99% ee). The asymmetric ring-opening has been extensively studied with a broad range of nucleophiles, including organomagnesium, organolithium, organozinc reagents, organoboronic acids, alcohols, phenols, carboxylic acids, terminal alkynes, and aromatic amines. In addition, many other transition metal catalysts have been tested, including Cu [18] [19] [20] [21] [22] [23] , Pd [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , Ni [36] [37] [38] [39] [40] [41] [42] , Zr [43] , Fe [44] , Ru [45] [46] [47] [48] [49] [50] [51] [52] , and Pt [53] [54] [55] catalysts. For example, Cheng et al. [56] [57] [58] [59] recently described asymmetric ring-opening of oxabenzonorbornadiene with alkyl-or alkenyl-or allylzirconium reagents and zinc powder under mild conditions catalyzed by Ni(dppe)Br 2 or Pd((R)-binap)Cl 2 , which yielded the corresponding 1,2-dihydronaphth-1-ols in good to excellent yields with high enantioselcetivities (up to 90% ee). Carretero et al. [60, 61] reported a general copper-catalyzed ring-opening of oxabicylic alkenes with Grignard reagents. Hou et al. [30] investigated the asymmetric ring-opening of oxabicyclic alkenes with arylboronic acids catalyzed by the chiral phosphine-containing palladacycle, providing corresponding products in high yields and high ee. On the other hand, the different kinds of ligands previously used were bisphosphine ligands, including (S)-BINAP, (R)-(S)-PPF-P t Bu 2 and DPPF. Halide and triflate salts such as NH 4 F, Et 3 N¨HCl, NH 4 Br, NH 4 I, Bu 4 NI, and AgOTf were also used as additives to enhance the enantioselectivities of the ARO reaction. Recently, our group demonstrated that iridium-catalyzed asymmetric ring-opening of oxaand azabicyclic alkenes with nitrogen-or oxygen-based nucleophiles, such as amines, alcohols, phenols and Grignard reagents [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] . Furthermore, a new iridium-monophosphine catalyst was found to be efficient for asymmetric ring-opening of benzonorbornadiene with amines, providing a series of chiral substituted dihydronaphthalenes in high yields (up to 98%) and excellent enantioselectivities (>99% ee) [71] . To expand the scope of this novel Ir-catalyzed reaction, we are interested in studying the asymmetric ring-opening of oxabicyclic olefins with nitrogen-based nucleophiles in the presence of an iridium catalyst. Meanwhile, we also tried to optimize the catalytic system by using additive of NH 4 I in the reaction. Herein, we reported iridium-catalyzed asymmetric ring-opening of 1,4-dihydro-1,4-epoxynaphthalene (1a) or 1,4-dihydro-6,7-dimethoxy-1,4-epoxynaphthalene (1b) with N-substituted piperazine nucleophiles, which afforded the corresponding ring-opening products in good yields (up to 99%) with moderate enantioselectivities. This new method also offered potentially useful synthetic routes to optically active 2-N-substituted piperazine 1,2-dihydronaphthalen-1-ols.
Results and Discussion
The substrates 1a-1b were readily prepared by Diels-Alder reactions of benzynes with furan according to literature procedures [75] . To understand the nature of the catalytic ring-opening and optimize the reaction conditions, we first chose different chiral bisphosphine ligands, including (S)-BINAP, (R)-(S)-PPF-P t´B u 2 , (S)-p-Tol-BINAP, and (S)-(R)-NMe 2 -PPh 2 -Mandyphos, to validate the catalytic activity of the iridium complexes. Consequently, a more efficient iridium catalyst system for the ring-opening reaction was explored. The different types of chiral ligands reacted with [Ir(COD)Cl] 2 to form iridium complexes to determine the viability of the enantioselectivity (Scheme 1). To probe the iridium-catalyzed asymmetric ring-opening of oxabicyclic alkene 1a with 1-(2-fluorophenyl)piperazine, chiral bisphosphine ligand (S)-p-Tol-BINAP was used and 1 equivalent of NH 4 I was added as the additive. We found that the ring-opening product 2a was obtained in high yield (up to 99%) with moderate enantioselectivity (54% ee) (Table 1, entry 4). However, the enantiomeric excess value was low (2%-58% ee) when (S)-BINAP and ferrocene bisphosphine ligands were used as the chiral ligands (Table 1 , entries 1-3). The enantiomeric excess value was 55% ee when (S)-p-Tol-BINAP was used as the ligand in the presence of 1.25% mol [Ir(COD)Cl] 2 (Table 1 , entry 5). Therefore, (S)-p-Tol-BINAP was chosen as the optimized ligand.
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Entry
Solvent Time (h) Yield b (%) ee c (% )  1  ClCH2CH2Cl  12  nr  --2  DMF  12  nr  --3  DME  12  nr  --4  THF  12  99  54  5  THP  12  81  53  6  toluene  12  79  52  7  CH3CN  12  88  52  8  CH2Cl2  12  15  56  9 1 With the catalyst system consisting of [Ir(COD)Cl] 2 and (S)-p-Tol-BINAP in hand, other reaction parameters were further optimized. We screened several commonly used solvents (Table 2 , entries 1-9), the solvent effect on enantioselectivities of ring-opening reaction was remarkable, as seen from Table 2 . With the catalyst system consisting of [Ir(COD)Cl]2 and (S)-p-Tol-BINAP in hand, other reaction parameters were further optimized. We screened several commonly used solvents (Table 2, entries 1-9), the solvent effect on enantioselectivities of ring-opening reaction was remarkable, as seen from Table 2 . Table 2 . Effects of solvent on the ring-opening a .
Solvent Time (h) Yield b (%) ee c (% )  1  ClCH2CH2Cl  12  nr  --2  DMF  12  nr  --3  DME  12  nr  --4  THF  12  99  54  5  THP  12  81  53  6  toluene  12  79  52  7  CH3CN  12  88  52  8  CH2Cl2  12  15  56  9  1,4-dioxane  12  95  50 a Conditions: [Ir(COD)Cl]2 (2.5 mol %) and (S)-p-Tol-BINAP (5.0 mol %) were dissolved in 2.0 mL solvent. NH4I (1 equiv.) was then added and stirred for another 10-20 min. Substrate 1a (0.3 mmol, 1 equiv.) was added and the mixture was heated to reflux. 1-(2-Fluorophenyl)piperazine (2 equiv.) was added at the first sign of reflux; b Isolated yield; c ee was determined by HPLC with a Chiralcel OD or AD column. Cl  12  nr  -2  DMF  12  nr  -3  DME  12  nr  -4  THF  12  99  54  5  THP  12  81  53  6  toluene  12  79  52  7  CH 3 CN  12  88  52  8  CH 2 Cl 2  12  15  56  9  1,4-dioxane  12  95  50 a Conditions: [Ir(COD)Cl] 2 (2.5 mol %) and (S)-p-Tol-BINAP (5.0 mol %) were dissolved in 2.0 mL solvent. NH 4 I (1 equiv.) was then added and stirred for another 10-20 min. Substrate 1a (0.3 mmol, 1 equiv.) was added and the mixture was heated to reflux. 1-(2-Fluorophenyl)piperazine (2 equiv.) was added at the first sign of reflux; b Isolated yield; c ee was determined by HPLC with a Chiralcel OD or AD column.
It was found that in 1,4-dioxane, CH 3 CN, toluene, tetrahydropyran (THP) and tetrahydrofuran (THF), the reactions were much faster than in any other solvents, and the reactions were completed in 12 h (Table 2 , entries 4-7, and 9). However, the enantioselectivity was found to be 54% ee (Table 2 , entry 4). There were no ring-opening products formed when the reactions were performed in dimethylformamide (DMF), 1,2-dimethoxyethane (DME) or 1,2-dichloroethane ( Table 2 , entries 1-3). Reactions in CH 2 Cl 2 afforded the ring-opening products in a low yield (15%) with moderate enantioselectivity (56% ee) ( Table 2 , entry 8). Among several solvents examined, THF turned out to be the best, yielding the corresponding ring-opening product 2a in 99% yield with 54% ee.
The influence of temperature was also investigated in the iridium-catalyzed asymmetric ring-opening reaction of oxabicyclic alkene 1a with 1-(2-fluorophenyl)piperazine. No product was obtained when the reaction mixture was stirred at 25˝C for 12 h (Table 3 , entry 1). It was further found that the temperature had little effect on the enantioselectivity (Table 3 , entries 2-4). The product 2a was obtained in 50% yield with 40% ee when the reaction mixture was stirred at 50˝C for 12 h (Table 3 , entry 2). Furthermore, the product 2a was obtained in 99% yield with 54% ee when the reaction mixture was stirred at reflux (80˝C) ( Table 3 , entry 3). Consequently, the optimum reaction conditions were determined to be as follows: 2.5 mol % [Ir(COD)Cl] 2 , 5.0 mol % (S)-p-Tol-BINAP, 2 equiv. of 1-(2-fluorophenyl)piperazine, and 1 equiv. of NH 4 I to oxabicyclic alkene 1a as additive in THF at 80˝C. Table 3 . Effects of the temperature on the ring-opening a .
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The influence of temperature was also investigated in the iridium-catalyzed asymmetric ringopening reaction of oxabicyclic alkene 1a with 1-(2-fluorophenyl)piperazine. No product was obtained when the reaction mixture was stirred at 25 °C for 12 h (Table 3 , entry 1). It was further found that the temperature had little effect on the enantioselectivity (Table 3 , entries 2-4). The product 2a was obtained in 50% yield with 40% ee when the reaction mixture was stirred at 50 °C for 12 h (Table 3 , entry 2). Furthermore, the product 2a was obtained in 99% yield with 54% ee when the reaction mixture was stirred at reflux (80 °C) ( Table 3 , entry 3). Consequently, the optimum reaction conditions were determined to be as follows: 2.5 mol % [Ir(COD)Cl]2, 5.0 mol % (S)-p-Tol-BINAP, 2 equiv. of 1-(2-fluorophenyl)piperazine, and 1 equiv. of NH4I to oxabicyclic alkene 1a as additive in THF at 80 °C. Under the optimized reaction conditions, the iridium-catalyzed ring-opening reaction of 1a with different N-substituted piperazines was demonstrated to be an efficient method for the synthesis of trans-1,2-N-substituted piperazines 1,2-dihydronaphthalen-1-ols in high yields with moderate enantioselectives (Table 4) . For example, various N-phenylpiperazines with either electron-donating or electron-withdrawing substituents at the phenyl position afforded the corresponding products in high yields (up to 99%) and good enantioselectivity in the presence of 2.5 mol % [Ir(COD)Cl]2 and 5.0 mol % (S)-p-Tol-BINAP (Table 4 , entries 1- 16, 18-19, and 22-24) . 1,4-Dihydro-1,4-epoxynaphthalene (1a) with 1-(2-methoxyphenyl)piperazine however afforded the corresponding ring-opening product 2f in high yield with poor enantioselectivity (Table 4 , entry 6).
To further extend the scope of this transformation, the reaction of dimethoxy substituted oxabenzonorbornadiene 1b with various N-substituted piperazines were also examined. It was found that the reactions of 1,4-dihydro-6,7-dimethoxy-1,4-epoxynaphthalene (1b), a less reactive substrate, with N-substituted piperazines offered the desired products in good yields with moderate enantioselectivity (Table 5 , entries 1-9). Under the optimized reaction conditions, the iridium-catalyzed ring-opening reaction of 1a with different N-substituted piperazines was demonstrated to be an efficient method for the synthesis of trans-1,2-N-substituted piperazines 1,2-dihydronaphthalen-1-ols in high yields with moderate enantioselectives (Table 4) . For example, various N-phenylpiperazines with either electron-donating or electron-withdrawing substituents at the phenyl position afforded the corresponding products in high yields (up to 99%) and good enantioselectivity in the presence of 2.5 mol % [Ir(COD)Cl] 2 and 5.0 mol % (S)-p-Tol-BINAP (Table 4 , entries 1- 16, 18-19, and 22-24) . 1,4-Dihydro-1,4-epoxynaphthalene (1a) with 1-(2-methoxyphenyl)piperazine however afforded the corresponding ring-opening product 2f in high yield with poor enantioselectivity (Table 4 , entry 6).
To further extend the scope of this transformation, the reaction of dimethoxy substituted oxabenzonorbornadiene 1b with various N-substituted piperazines were also examined. It was found that the reactions of 1,4-dihydro-6,7-dimethoxy-1,4-epoxynaphthalene (1b), a less reactive substrate, with N-substituted piperazines offered the desired products in good yields with moderate enantioselectivity (Table 5 , entries 1-9).
Unfortunately, the reaction of 1,4-dihydro-6,7-dimethoxy-1,4-epoxynaphthalene (1b) with 1-(3,4-dichlorophenyl)piperazine afforded the corresponding ring-opening product 3e in a lower yield (47%) with poor enantioselectivity (16% ee) ( Table 5 , entry 5). The stereochemistry of 1,2-trans ring-opened product 2i was unambiguously confirmed by X-ray crystallography. The single crystal of 2i was achieved by solvent evaporation from a mixture of dichloromethane, petroleum ether and ethyl acetate. Its configuration was assigned as (1S, 2S) and confirmed as 1,2-trans configuration, as shown in Figure 1 (See Supplementary Materials for details). It is obvious that the ring-opening reaction favors the formation of trans-2-N-substituted piperazine 1,2-dihydro-naphthalen-1-ol products.
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Experimental Section

Chemistry
General
Solvents and solutions were transferred with syringes. 1 H-NMR spectra were recorded at 400 MHz using a Varian XL (Palo Alto, CA, USA) 400 spectrometer with CDCl 3 as reference standard (7.27 ppm). Spectral features are tabulated in the following order: Chemical shift (ppm); number of protons; multiplicity (s-singlet, d-doublet, t-triplet, q-quartet, m-multiplet, br-broad); coupling constants (J, Hz), 13 C-NMR spectra were recorded at 400 MHz with CDCl 3 as reference standard (77.23 ppm). IR spectra were obtained using a Nicolet DX (Madison, WI, USA) FT-IR spectrometer. High resolution mass was obtained from a VG 70-250S (double focusing) mass spectrometer at 70 ev (Waters, Milford, MA, USA). The enantiomeric excess value was measured by HPLC with CHIRALCEL OD or AD columns (Chiral Technologies, Minato-ku, Japan). Melting points were taken with a Tai-Ke melting point apparatus (Beijing, China). Analytical TLC was performed using EM separations percolated silica gel 0.2 mm layer UV 254 nm fluorescent sheets (Beijing, China). Column chromatography was performed as "Flash chromatography" as reported by using (200-300 mesh) Merck grade silica gel (Merck, Beijing, China). The THF, toluene, DME, and THP was distilled from sodium benzophenone ketyl immediately prior to use. DMF, CH 2 Cl 2 , CH 3 CN, ClCH 2 CH 2 Cl, and 1,4-dioxane were distilled from calcium hydride. Furan was distilled prior to use. All other reagents were obtained from Alfa Aesar (Shanghai, China) and J & K (Guangzhou, China) and used as received unless otherwise stated.
Preparation of 1,4-Dihydro-1,4-epoxynaphthalene (1a)
To a 100 mL round-bottomed flask with a reflux condenser tube, 10 mL furan and 10 mL DME were added. Taking two 25 mL dropping bottles, one with 4 mL iso-amyl nitrite and 10 mL DME (A), another with 2-aminobenzoic acid (2.75 g, 0.02 mol) dissolved by 10 mL DME (B). Then 1 mL A and 1 mL B were added to the refluxing furan solution per 4 minute. Firstly, the A was added, then the B. The solution became red brown, giving off gas when the reagents were added. Let the mixture refluxing until the solution did not release gas after all the reactants were added (about 15 min). After completion 2% sodium hydroxide (25 mL) was added to the mixture and transferred to separating funnel to rinse, which we can get the organic phase and the aqueous solution extracted three times by 15 mL petroleum ether (bp. 30-60˝C). Then the extractive solution and the organic phase were mixed together. The mixture was washed by water (15 mLˆ4) and dried by anhydrous magnesium sulfate. After completion the reaction mixture was concentrated in vacuo and the solvents were removed, the crude mixture was purified by flash chromatography gave 1a a yellow solid (1.72 g, 60%). R f = 0. and followed by addition of anhydrous tetrahydrofuran (2.0 mL). After they were stirred for 10 min to produce a yellow solution. 1,4-Dihydro-1,4-epoxynaphthalene 1a (50 mg, 0.3468 mmol) was added; then 10 min later, additive of ammonium iodide (1.0 equiv. to 1a) was added and heated to reflux. At the first sign of reflux, N-substituted piperazine nucleophiles (2.0 equiv. to 1a) were added. The reaction mixture was stirred at reflux and monitored by TLC until completion (typically 6-12 h). The solvent was removed in vacuo and the crude mixture was purified by column chromatography on silica gel to afford the desired products. The ee was determined to be 67% using HPLC analysis on a CHIRALCEL. AD column, λ = 254 nm. Flow rate = 0.5 mL/min; Retention times in 10% 2-propanol in hexanes were 33.9 min (major) and 36.9 min (minor). m.p.: 142-143˝C; rαs (1S,2S)-4-(1-Hydroxy-1,2-dihydro-naphthalen-2-yl)-piperazine-1-carboxy-lic acid ethyl ester (2u). Prepared according to general procedure. 2u was obtained as a white solid (89 mg, 85%) by flash chromatography (ethyl acetate: petroleum ether = 1:2, v/v). R f = 0.17 on silica gel (ethyl acetate: petroleum ether = 1:2, v/v). The ee was determined to be 51% using HPLC analysis on a CHIRALCEL AD column, λ = 254 nm. Flow rate = 1.0 mL/min; Retention times in 10% 2-propanol in hexanes were 16.0 min (minor) and 21.7 min (major). m.p.: 147-148˝C; rαs Supplementary Materials: The full characterization data for all compounds 1a-1b, 2a-2x and 3a-3i, including optical rotations, 1 H-NMR and 13 C-NMR, MS, elemental analysis and X-ray structure data for compound 2i in CIF format, and HPLC conditions and spectra of compounds 2a, 2c, 2g-2h, 2i-2k, 2m-2o, 2q-2r, 2u-2x and 3b are provided in the Supplementary materials at: http://www.mdpi.com/1420-3049/ 20/12/19748/s1.
